Combined density functional and multireference configuration interaction methods have been used to calculate the electronic spectrum of 9H-adenine, the most stable tautomer of 6-aminopurine. In addition, constrained minimum energy paths on excited potential energy hypersurfaces have been determined along several relaxation coordinates. The minimum of the first 1 ͓n → * ͔ state has been located at an energy of 4.54 eV for a nuclear arrangement in which the amino group is pyramidal whereas the ring system remains planar. Close by, another minimum on the S 1 potential energy hypersurface has been detected in which the C 2 center is deflected out of the molecular plane and the electronic character of S 1 corresponds to a nearly equal mixture of 1 ͓ → * ͔ and 1 ͓n → * ͔ configurations. The adiabatic excitation energy of this minimum amounts to 4.47 eV. Vertical and adiabatic excitation energies of the lowest n → * and → * transitions as well as transition moments and their directions are in very good agreement with experimental data and lend confidence to the present quantum chemical treatment. On the S 1 potential energy hypersurface, an energetically favorable path from the singlet n → * minimum toward a conical intersection with the electronic ground state has been identified. Close to the conical intersection, the six-membered ring of adenine is strongly puckered and the electronic structure of the S 1 state corresponds to a → * excitation. The energetic accessibility of this relaxation path at about 0.1 eV above the singlet n → * minimum is presumably responsible for the ultrafast decay of 9H-adenine after photoexcitation and explains why sharp vibronic peaks can only be observed in a rather narrow wavelength range above the origin. The detected mechanism should be equally applicable to adenosine and 9-methyladenine because it involves primarily geometry changes in the six-membered ring whereas the nuclear arrangement of the five-membered ring ͑including the N 9 center͒ is largely preserved.
I. INTRODUCTION
The electronically excited states of the DNA bases are remarkably stable with respect to photochemical degradation. This photostability is due to the presence of fast nonradiative relaxation pathways. After UV excitation, the molecules decay on a subpicosecond time scale to vibrationally hot levels of the electronic ground state. 1 In spite of numerous experimental and theoretical investigations, the mechanism underlying the rapid decay of the photoexcited purine base adenine is poorly understood. Several relaxation pathways have been discussed. Lührs and co-workers 2 suggested intersystem crossing ͑ISC͒ to be the dominant decay channel for the excited singlet states. However, this mechanism appears to be inconsistent with the low triplet yield reported in the literature. 3 Sobolewski and Domcke 4 proposed a → * state to play a crucial role in the fast internal conversion of the electronically excited singlets of adenine. According to their model, its conical intersections with the primarily excited → * state and the electronic ground state provide a pathway for ultrafast internal conversion to the electronic ground state. In 9H-adenine ͑Fig. 1͒, the majority tautomer of 6-aminopurine, the lowest → * state is dissociative with respect to the N 9 -H bond. Although this mechanism certainly has to be taken into consideration for the free adenine base for which a hydrogen loss was observed recently in resonant multiphoton ionization ͑REMPI͒ spectra, 5 it cannot explain the photostability of DNA where a deoxyribose unit is attached to the N 9 position. A strong indication that a different mechanism is operative in the low UV region is the fact that the high-resolution resonant two-photon ionization ͑R2PI͒ spectra of 9H-adenine and 9-methyladenine break off at approximately the same wavelengths. 6 Kang et al. 7, 8 proposed that the nearby n → * excited singlet state might act as a mediator. While the strong coupling between the singlet → * and n → * states of the isolated adenine in a molecular beam was confirmed by time-resolved photoelectron spectra 9 and by a rotational band contour analysis of R2PI spectral lines, 10 the reaction coordinate leading to a low-energetic conical intersection between the n → * state and the electronic ground state has not been identified so far. Furthermore, in polar solvents the 1 ͓n → * ͔ state is blueshifted relative to the electronic ground state and the first excited 1 ͓ → * ͔ state because of its smaller dipole moment. Nevertheless, adenine exhibits similar lifetimes in the gas phase and in aqueous solution, 1 suggesting that a depletion of the excited state population via 1 ͓n → * ͔ is unlikely. In this work, we will show that an alternative relaxation mechanism of photoexcited adenine exists. A recent combined theoretical and experimental study on protonated adenine, conducted in our department, 11 gives a clue concerning the decay mechanism. According to this study, the n → * states of the most stable tautomer of protonated adenine are located energetically well above the first singlet → * state and cannot be involved in the fast internal conversion to the ground state. When the nuclear coordinates of protonated adenine are relaxed after S 1 ͑ → * ͒ excitation, a barrier-less path leads directly from the Franck-Condon ͑FC͒ region to a conical intersection with the electronic ground state. At the crossing, the six-membered ring is considerably puckered. Here, we investigate the vertical and adiabatic electronic excitation spectra and various relaxation pathways of photoexcited neutral 9H-adenine by means of advanced quantum chemical methods. Our main goal is to shine light on the mechanisms underlying the ultrafast decay of vibronically excited levels in the low frequency range. In addition, we study two hydrogen abstraction channels opening at higher excitation energies.
II. METHODS AND TECHNICAL DETAILS
If not noted otherwise, all calculations were performed employing the valence triple ͑TZV͒ basis set with polarization functions ͑d , p͒ from the TURBOMOLE library, 12 augmented by two sets of Rydberg functions. Each set of Rydberg functions consisted of 3s, 3p, and 1d primitive diffuse Gaussians with exponents of 0.05, 0.02, 0.008 ͑s and p Rydberg͒ and 0.015 ͑d Rydberg͒ located at dummy centers in the five-and six-membered rings, respectively. The positions of those dummy centers were allowed to adjust in the geometry optimizations. A numerical grid, usually employed for the cesium atom, was chosen for the quadrature of the exchange correlation at the dummy center. This basis set is denoted by TZVP+ Ryd in the following. To check convergence with respect to basis set quality, the calculation of the vertical electronic spectrum was repeated for the extended TZVPP basis set, i.e., the TZV ͑2d1f ,2p1d͒ basis by Schäfer et al. 12 augmented by the same two sets of Rydberg functions as above. Full geometry optimizations at the level of density functional theory ͑DFT͒ or time dependent density functional theory ͑TDDFT͒ were performed utilizing the TURBOMOLE package, version 5.6. 13, 14 In these calculations, the B3-LYP hybrid functional [15] [16] [17] was employed. Constrained minimum energy paths were determined with a home-written tool ͑ef.x͒ that makes use of the analytical gradients as generated by the TURBOMOLE modules. Unfortunately, a geometry optimization at the TDDFT level cannot be performed in regions where the open-shell configuration is located energetically below the closed-shell reference state due to the instability of the coupled-perturbed equations. This is not a particular problem of DFT but applies to all kinds of response methods. In these cases, we employed unrestricted density functional theory ͑UDFT͒ or utilized a conjugate gradient search 18 based on numerical first derivatives of the combined density functional theory/multireference configuration interaction ͑DFT/MRCI͒ energy. The DFT/MRCI method devised by Grimme and Waletzke 19 is described in more detail below. The use of a numerical gradient for 9H-adenine is hampered by extensive computer requirements ͑45 internal degrees of freedom if the dummy centers are included, Ϸ16 h CPU time per point͒. We therefore proceeded as follows: For the unconstrained geometry optimization at the DFT/MRCI level, the diffuse functions were eliminated from the basis set. This choice does not only reduce the degrees of freedom by 6 it also speeds up the MRCI step appreciably ͑to a total of about 20 min per point͒ so that the task becomes manageable. In the final step, the original basis set was restored by adding diffuse basis functions located at the centers of the five-and six-membered rings, respectively.
Singlet and triplet electronic states of adenine were determined by the DFT/MRCI method. This approach was shown to yield excellent electronic spectra of organic molecules at reasonable computational expense. 19 The configuration state functions ͑CSFs͒ in the MRCI expansion are built up from Kohn-Sham ͑KS͒ orbitals. Diagonal elements of the effective DFT/MRCI Hamiltonian are constructed from the corresponding Hartree-Fock-based expression and a DFT-specific correction term. In the effective DFT/MRCI Hamiltonian, five empirical parameters are employed that depend only on the multiplicity of the desired state, the number of open shells of a configuration, and the type of density functional employed, but not on the specific atom or molecule. Currently, optimized parameter sets for the effective DFT/MRCI Hamiltonian are available in combination with the BH-LYP ͑Refs. 15 and 20͒ functional. A common set of reference CSFs is used for all spatial symmetries. The initial set can be generated automatically in a complete active space type procedure and is then iteratively improved. The MRCI expansion is kept moderate by extensive configuration selection. For further details, we refer to the original publication by Grimme and Waletzke. 20 Molecular KS orbitals, calculated for the dominant closed-shell determinant of the electronic ground state, were employed as one-particle basis for the MRCI runs. In the latter step, all 50 valence electrons were correlated. The MRCI space was spanned by energy-selected single and double excitations from Ϸ100 reference configurations. For planar nuclear arrangements, eigenvalues and eigenvectors of six singlet and triplet states were determined in each irreducible representation ͑AЈ , AЉ͒. The number of variationally determined CSF coefficients amounted to Ϸ800 000 ͑sin-glets͒ and 1.1ϫ 10 6 ͑triplets͒, respectively. At lower spatial symmetry points, the 12 lowest singlet and triplets were de- termined. Due to the loss of symmetry selection rules, the size of the MRCI space increased to Ϸ1.5ϫ 10 6 CSFs ͑sin-glets͒ and 2.3ϫ 10 6 CSFs ͑triplets͒ in these cases. Deletion of the diffuse functions from the basis-the geometry optimization of the singlet → * state at the DFT/MRCI level was carried out in the pure TZVP basis-leads to a significant reduction of the configuration interaction ͑CI͒ spaces ͑48 reference configurations, about 60 000 CSFs in the final CI expansion͒.
III. RESULTS AND DISCUSSION

A. Vertical absorption spectrum and characterization of excited states
At the electronic ground state equilibrium, all nuclei lie in one plane. The vertical absorption spectrum of 9H-adenine was thus computed making use of C s point group symmetry. The lowest vibrational frequency ͑54 cm −1 at the B3-LYP DFT level͒ corresponds to pyramidalization mode of the amino group. Vertical excitation energies, oscillator strengths and wave function characteristics are collected in Tables I ͑singlets͒ and II ͑triplets͒. The extension of the basis by additional polarization functions ͑TZVP+ Ryd→ TZVPP + Ryd͒ had almost no effect on the DFT/MRCI excitation energies and oscillator strengths. The spectra at all other points of the potential energy hypersurfaces ͑PEHs͒ were therefore determined with the TZVP+ Ryd basis only.
To ease the understanding of the electronic structure of the excited states, we shall briefly characterize the frontier molecular orbitals. The highest occupied molecular orbital ͑HOMO͒ is a -type orbital, designated by H in the following. Also the second highest occupied MO ͑ H−1 ͒ belongs to the aЉ irreducible representation. Both are delocalized over the whole molecule. The third highest occupied MO ͑n͒ is a nonbonding in-plane orbital with large amplitudes for the N 1 , N 3 , and N 7 lone-pair orbitals. The positive linear combination of the three lone-pair orbitals at N 1 , N 3 , and N 7 ͑HOMO-4͒ mixes in some bonding character and will therefore be denominated instead of n. Turning to the virtual orbitals, we find the lowest-lying unoccupied MO ͑LUMO, L * ͒ to be a delocalized -type orbital again. Two diffuse orbitals are found in the energy gap between LUMO and the next valence-type orbital. They play an important role for the low-lying excited states. The first one, Ryd 1 , exhibits a nodal plane perpendicular to the N 9 -H 14 bond. It has its major density in an area including the H 14 and H 15 atoms. The higher-density parts of the next Rydberg orbital, Ryd 2 , are located at the amino hydrogens. To keep track, we denominate the higher-lying valence-type MOs by L+1 * , L+2 * , etc., although they are embedded in a dense spectrum of physically unimportant diffuse orbitals that form a discrete representation of the first ionization continuum at the independent-particle level. In L+1 * and L+2 * , the electron density is mainly distributed over the six-membered ring whereas L+3 * is delocalized over both rings and the amino nitrogen.
The first three electronically excited singlets are very close in energy in the FC region. Interestingly, the lowest one ͑2
1 AЈ͒ does not correspond to a HOMO-LUMO transition in this area of the coordinate space. A similar observation was made by Mennucci et al. 21 that the first vertical → * transition possesses only a modest oscillator strength. The positive linear combination of these two configurations is located at considerably higher energies ͑5
1 AЈ͒ and gives rise to a very strong transition at 200 nm. The second singlet transition, 1
1 AЈ → 1 1 AЉ, results from an excitation of the highest occupied n MO to the L * orbital. As expected for singlet n → * excitations of heteroaromatic rings, its oscillator strength is found to be very small. The singlet-coupled H → L * configuration yields the S 3 state in the vertical spectrum of 9H-adenine. Its oscillator strength outweighs the one of the first → * transition by a factor of roughly 10. S 4 is again a 1 AЉ state. In the FC region, its electronic structure corresponds to the promotion of an electron from H to a combination of Rydberg orbitals that extends over the N 9 -H 14 azine bond and the amino group. It is followed by another n → * state that originates from a transition of an n electron to L+1 * . S 6 is similar to S 4 , the major difference being an additional node in the diffuse charge distribution between the N 9 and N 10 centers.
The order of states is completely different in the triplet manifold ͑Table II͒ where Coulomb repulsion is less dominant. Here, the HOMO→ LUMO excitation corresponds to the lowest triplet, T 1 . Also the next state, T 2 , is of → * type. The triplet-coupled n → L * excitation, T 3 , is located more than 1 eV above T 1 . T 4 is again a → * state. In the vertical spectrum, T 3 and T 4 lie only slightly below S 1 . T 5 and T 6 exhibit → * and n → * characters, respectively, and are very close in energy to the strong vertical S 0 → S 3 transition. The first Rydberg state in the triplet spectrum corresponds to T 7 and lies only 0.1 eV below its singlet counterpart. The second Rydberg triplet state is located above a → excitation at roughly 5.5 eV.
Comparing the lower part of our computed vertical spectrum with earlier theoretical treatments, we find an overall good agreement with the multireference perturbation configuration interaction ͑CIPSI͒ results by Mennucci et al. 21 The comparison of higher-lying states is not straight forward as these authors did not include diffuse orbitals in their oneparticle basis. The same applies to the complete active space second-order perturbation theory ͑CASPT2͒ excitation energies of the → * states by Fülscher et al. 22 However, the CASPT2 treatment places the first n → * at an unrealistically high energy, about 1 eV above the lowest → * sin- 
The energetic position of the lowest Rydberg state can be compared to the TDDFT results by Sobolewski and Domcke. 4 Our DFT/MRCI calculations place this state at somewhat higher energies than the TDDFT treatment. The energy difference of 0.2 eV lies, however, well within the error bars of both methods.
B. Geometries of low-lying excited states and adiabatic excitation energies
The order of the excited singlet states varies drastically with the nuclear geometry ͑Fig. 2͒. It is thus not surprising that several potential wells corresponding to different electronic structures exist on the S 1 PEH. The T 1 state, on the other hand, retains its H → L * character at all geometries ͑Fig. 3͒. Due to conical intersections, some minima on the singlet PEH could not be located by means of TDDFT. In these cases, UDFT gradient calculations were carried out for a related triplet state. 
The singlet and triplet n \ * minima
By means of TDDFT, we find the minimum of the 1 n → L * electronic structure for a nuclear arrangement in which the amino group is pyramidal whereas the ring system remains approximately planar ͑Table III͒. The out-of-plane distortion of the amino group leads to a somewhat enlarged N 10 -C 6 bond distance. In general, it can be stated that the bond alternation in the purine is more pronounced in the excited state compared to the electronic ground state structure where the bonds connecting the centers C 6 -N 1 -C 2 -N 3 -C 4 , e.g., have nearly equal lengths. The geometry parameters determined in this work differ from those reported by Mennucci et al. 21 mostly due to the fact that their single-excitation configuration interaction ͑CIS͒ calculations yielded a nearly planar equilibrium structure. The adiabatic excitation energy obtained by these authors ͑4.89 eV͒ is considerably larger that the present DFT/MRCI value of 4.54 eV. In the lower C 1 symmetry group, the 1 n → * state could borrow intensity from 1 → * states in principle. However, due to the pyramidalization of the amino group, states with prevailing → * character are markedly blueshifted with respect to the absorption spectrum ͑Fig. 2͒. The probability for the spontaneous emission of a photon from the 1 ͓n → L * ͔ state thus remains low. TABLE III. Bond distances ͑pm͒ and selected out-of-plane angles ͑deg͒ for the equilibrium geometries of several electronic states of 9H-adenine. Unless noted otherwise, the nuclear arrangement was optimized at the TDDFT level. 
As shown in Table IV , the S 2 and S 3 states are very close in energy at the 1 ͓n → L * ͔ geometry. Their electronic configurations are strongly mixed. The lower one is dominated by excitations from the n MO to higher * MOs with smaller contributions from → * configurations whereas the reverse is true for S 3 . Similar to the → * states, the Rydberg states experience considerable blueshifts compared to their energetic location at planar nuclear arrangements ͑Figs. 2 and 3͒, too. The lowest-lying states with a significant occupation of the diffuse * -type orbital are the T 7 ͑5.80 eV͒ and S 5 states ͑6.00 eV͒.
The geometrical parameters of the 1 ͓n → L * ͔ minimum differ only marginally from those of the corresponding singlet. Bond lengths agree within 1 pm or less. The pyramidalization of the amino group is symmetric in this case, i.e., the dihedral angles ͑H 11 -N 10 -C 6 -C 5 ͒ and ͑H 12 -N 10 -C 6 -N 1 ͒ adopt values of ϯ25°, respectively. Due to the conformational similarity of the singlet and triplet n → * minima, the electronic spectra computed for the respective minimum geometries are nearly identical.
The low-lying \ * states
The minima of the singlet → * excited states are not easily located for several reasons: First, the two low-lying 1 ͓ → * ͔ states are configurationally mixed, with the mixing coefficients depending strongly on the nuclear geometry. Second, the T 1 state cannot be used as a lead for a minimum search on the singlet-coupled H → L * PEH. Although the states seem to have similar electronic structures, a fairly high singlet → * excitation energy is obtained at the T 1 minimum geometry. Third, TDDFT employing the B3-LYP functional appears to be biased toward the n → * excitation. Even in areas of the PEH where the DFT/MRCI places the first singlet → * state markedly below the first n → * singlet, the unconstrained TDDFT gradient eventually finds its way to the n → * minimum. These crucial points are discussed in the following in greater detail.
In earlier theoretical treatments, 4,21 the singlet H → L * state was assumed to exhibit a ͑nearly͒ planar nuclear conformation. When the geometry parameters of the 2 1 A 1 state are relaxed under symmetry constraints at the TDDFT level, the procedure converges toward a nuclear arrangement la- Table III . According to DFT/MRCI calculations, the electronic structure of the S 1 state corresponds to a H → L * excitation at this point. Geometry changes with respect to the electronic ground state are mainly governed by the nodes of the L * orbital and resemble those of the n → * state, save for the amino group. The preference of TDDFT ͑B3-LYP͒ for n → * states interferes with the → * minimum search as soon as the C s symmetry constraints are lifted and the configurations are allowed to interact. Continuing the minimum search from a slightly outof-plane distorted nuclear arrangement eventually leads to the n → * minimum. Minimization of the TDDFT gradient for the second singlet excitation restores the planar geometry. The utterly slow convergence of the TDDFT gradient indicates that the PEH is very shallow in this area. However, as discussed below, the planar nuclear arrangement corresponds only to a local minimum on the 1 ͓ H → L * ͔ surface. Its adiabatic excitation energy amounts to 4.76 eV at the DFT/ MRCI level. Apart from the fact that the first and second singlet → * states have switched order, the electronic spectrum ͑Table V͒ is similar to that in the vertical absorption region.
Inspired by the results of a recent study on protonated adenine, 11 where a low-lying conical intersection between the 1 → * and electronic ground state PEHs was detected, we investigated the singlet → * surface of neutral 9H-adenine for large out-of-plane distortions in the sixmembered ring. And indeed, the energy of the 1 ͓ H → L * ͔ electronic structure drops considerably when the dihedral angle of the C 2 -H 13 exceeds 165°. Unfortunately, an unconstrained optimization at the TDDFT level starting from this point leads the system back to the 1 ͓n → L * ͔ minimum. Beyond a critical dihedral angle of about 140°, the TDDFT gradient drives the system toward a conical intersection with the electronic ground state. The crossing itself and its implications for the excited state lifetimes will be dealt with in detail in Sec. III C 1. Here, we are interested in the global minimum of the 1 ͓ → * ͔ PEH. We continued the minimum search at the UDFT level as the singlet and triplet-coupled H → L * states appear to have similar electronic structures. The lowest energy on the T 1 PEH was found for a nuclear geometry where the sixmembered ring and the amino group adopt a coplanar arrangement while the C 8 -H 15 bond is distorted out of plane by 27°with respect to the five-membered ring ͑Table III and Fig. 4͒ . At the T 1 minimum, the 1 ͓ H → L * ͔ state is located as high as 4.92 eV ͑Table VI͒ above the S 0 equilibrium energy. This point lies even 0.16 eV above the local planar 1 ͓ H → L * ͔ pl minimum. Thus, the UDFT optimization of the T 1 geometry did not take us a step further toward the global 1 ͓ H → L * ͔ minimum. An alternative approach is a search at the MRCI level. For the DFT/MRCI method, a conjugate gradient search based on numerical gradients was implemented recently. 18 The parameters resulting from this geometry optimization are shown in Table III and the structure is displayed in Fig. 5 . Compared to the planar local minimum, an out-of-plane deflection of the C 2 center by 22°is observed, accompanied by an elongation of the N 1 -C 2 bond by about 6 pm. At this nuclear arrangement, the electronic structure of S 1 is considerably mixed with 1 ͓ H → L * ͔ and 1 ͓n → L * ͔ contributing nearly equally. The adiabatic excitation energy of this minimum amounts to 4.47 eV ͑36 040 cm −1 ͒. As the out-of-plane distortion of the six-membered ring prevents a full delocalization of the electrons in the electronic ground state, the vertical emission energy of the S 1 state drops down to 2.98 eV. As a result of the configurational mixing, the oscillator strength for the electronic transition is an order of magnitude larger than for the vertical 1 ͓n → L * ͔ emission and amounts to approximately one-third of the 1 ͓ H → L * ͔ vertical absorption oscillator strength. The other linear combination of these two singlet configurations is found at significantly higher energies ͑see Table VII͒, the energy splitting being larger than 1 eV. Interestingly, also the T 1 state exhibits a mixed H → L * and n → L * electronic structure at the S 1 minimum geometry. However, its energetic position is markedly blueshifted with respect to both its adiabatic and vertical excitation energies, in accord with the observation that the geometric structures of the T 1 and S 1 minima differ to a large extent.
The minimum geometry of the mixed H → L+1 * − H−1 → L * state-that represents the S 1 state in the vertical absorption spectrum-could not be determined by spin restricted TDDFT. Because of the high density of states and the high sensitivity of the electronic energies with respect to geometry variations, the solutions of the TDDFT equations tend to swap order and the gradient jumps back and forth. We find the lowest DFT/MRCI energy for this singlet state ͑4.74 eV above the ground state minimum͒ at a nuclear geometry optimized for the second triplet → * state by TDDFT under C s symmetry constraints. For T 2 , pronounced geometry changes are observed both in the six-and fivemembered rings ͑Table III͒. In this area of the coordinate space, the singlet and triplet n → L * states experience a significant blueshift ͑Table VIII͒. In Sec. III B 2 we reported the detection of a conical intersection of the → * and the electronic ground state PEH. As conical intersections act like a funnel transferring electronically excited states very rapidly to the lower PEH, 24 its energetic accessibility could explain the sub-picosecond lifetimes of photoexcited adenine. At the crossing, the dihedral angle of the C 2 -H 13 bond with respect to the C 4 -C 5 axis connecting the two rings amounts to Ϸ100°. The sixmembered ring of adenine is strongly bent at the N 1 and N 3 centers neighboring the out-of-plane distorted C 2 -H 13 group ͑Fig. 6 and Table III͒. Interestingly, the C 2 center itself retains an almost planar coordination. Energetically, the crossing is located at about 4.4-4.5 eV, i.e., in the same ballpark as the S 1 minimum. The most interesting question in this context is, of course, concerned with the height of the barrier connecting these two areas on the S 1 PEH.
To answer this question, a constrained minimum energy path ͑CMEP͒ was computed for the lowest excited state at the TDDFT level. As it turned out, it was not easy to find an internal coordinate appropriate for this purpose. The first attempt, i.e., fixing the C 2 -N 3 -C 4 -C 5 dihedral angle while relaxing all other internal nuclear degrees of freedom, was unsuccessful because the system reacts by twisting the nitrogen atoms in the six-membered ring and eventually reaches some point on the intersection seam. As mentioned already above, the decisive coordinate is the dihedral angle of the C 2 -H 13 bond with respect to the C 4 -C 5 axis. After convergence of the partial optimization-or its breakoff after hitting the seam of the conical intersection-single-point DFT/ MRCI calculations were carried out. The cut through the PEH along this CMEP is displayed in Fig. 7 . For dihedral angles between 110°and 140°, the first excited state corresponds to a H → L * excitation. Between 150°and 165°, the H → L * excitation represents still the leading configuration, but the contribution of the lowest n → * configuration increases steadily. In this area of the coordinate space ͑C 2 -H 13 -C 4 -C 5 = 156.3°͒-albeit not exactly on the TDDFT CMEP-the DFT/MRCI optimized minimum of the S 1 surface is located. From 170°on, the n → * character dominates. As Fig. 7 shows, a smooth energy path exists that connects the n → * minimum on the S 1 PEH with the region of its conical intersection with the S 0 state. At no point of this path, the potential energy exceeds a value of 4.64 eV with respect to the electronic ground state minimum, i.e., the barrier height with respect to the n → * minimum amounts to In a polar protic solvent, this barrier will probably vanish because the → * state experiences a redshift with respect to the electronic ground state whereas the n → * state is blueshifted.
Hydrogen abstraction
Recently, Sobolewski and Domcke 4 described an alternative mechanism for a rapid decay of electronically excited 9H-adenine mediated by a → * state. This state exhibits Rydberg character in the FC region, but adopts antibonding properties along the N 9 -H 14 stretch coordinate. Experiments by Hünig et al. 5 support this mechanism. These authors observed the formation of hydrogen atoms after photoexcitation of 9H-adenine at 243.1 nm. However, hydrogen loss was also detected-though to a smaller extent-for 9-methyladenine where the N 9 position is blocked. After the present paper had been submitted, Zierhut et al. 25 published R2PI experiments on 9H-adenine and 9-methyladenine with lasers operating at 239.5 nm or 266 nm ͑pump͒ and 121.6 nm ͑probe͒. In all instances, H loss was observed. To unravel the molecular mechanisms behind these photolysis reactions, we investigated energy paths for the dissociation of the azine bond as well as for the hydrogen bonds. To this end, constrained minimizations were performed at the unrestricted DFT level for the corresponding triplet states. In principle, either of the amino hydrogens can be abstracted. It turned out that the energy required for removing the exo hydrogen ͑H 12 ͒ is considerably higher than for the inner hydrogen atom ͑H 11 ͒. We therefore restricted the DFT/MRCI calculations to the N 9 -H 14 and N 10 -H 11 stretch coordinates.
In qualitative agreement with Sobolewski's and Domcke's work, 4 we find the first Rydberg state to be dissociative along the N 9 -H 14 coordinate ͑Fig. 8͒, albeit shifted to somewhat higher excitation energies. It is noteworthy that any kind of out-of-plane distortion, even of hydrogen atoms, leads to a steep rise of the potential energy of this state so that its geometry remains strictly planar. According to our DFT/MRCI calculations, the crossing between the singlet → * and → * surfaces occurs quite early, at an azine bond length of about 110 pm. The energy at this point amounts to Ϸ5.4 eV, well above the n → * and → * minima. Extending the N 9 -H 14 bond further, leads to a sharp rise of the electronic ground state PEH and a conical intersection with the singlet → * state. The crossing takes place at an energy of Ϸ4.7 eV for an N 9 -H 14 bond length between 170 and 180 pm. In principle, the predissociation of the excited valence singlet states could also be caused by ISC with the triplet-coupled → * state. The first crossing occurs at somewhat lower excitation energies ͑about 5.3 eV͒, but the excess S 1 energy required to reach this channel is still considerable. Driving the N 10 -H 11 coordinate, a barrier is encountered on the singlet and triplet → * state PEHs whereas the energy of all other electronic states increases rapidly ͑Fig. 9͒. The saddle point on the 1 ͓ H → * ͔ PEH is located close to the crossing with the singlet → * surface at an energy of Ϸ5.5 eV and a bond length of 120 pm. Interestingly, the intersection with the electronic ground state occurs at somewhat lower energies than for the N 9 -H 14 abstraction, i.e., at Ϸ4.5 eV. In principle, this channel is therefore energetically accessible from the n → * state although the tunneling probability through a barrier of this height and width appears to be low. The ISCs between the valence states and the triplet → * state take place at an energy of about 5.2 eV in the inner well of the latter state.
D. Comparison with experiment
Vertical absorption
All strong transitions in our calculated vertical singlet absorption spectrum of 9H-adenine ͑Table I͒ correspond to experimentally observed absorption bands. 26 The first broad absorption band with an onset at Ϸ275 nm ͑4.5 eV͒ and a maximum at 252 nm ͑4.92 eV͒ in vapor spectra was assigned to a → * transition. 27 This band is redshifted in polar solvents to Ϸ260 nm ͑4.77 eV͒. The redshift is consistent with the larger dipole moment of the lowest-lying singlet → * state compared to S 0 ͑3.1 D vs 2.5 D͒. From polarized absorption measurements, magnetic circular dichroism ͑MCD͒ as well as circular dichroism ͑CD͒ studies [28] [29] [30] it was concluded that the first band consists of at least two → * transitions. Clark et al. did not detect n → * transitions in the vapor spectra. 27 However, Ingwall 31 concluded from CD spectra of several adenine derivatives that a third component of n → * type was hidden under the first strong → * transitions. Our calculated vertical absorption energies of the lowest-lying states ͑Table I͒ are in excellent agreement with these experimental observations. The second strong absorption band with maximum at 207 nm ͑5.99 eV͒ 
104314-9
Decay of electronically excited adenine J. Chem. Phys. 122, 104314 ͑2005͒
͑Ref. 26͒ was characterized as a → * excitation, too. We compute a vertical excitation energy of 6.20 eV ͑6.17 eV in the better TZVPP+ Ryd basis͒ for this strong transition.
Recent linear dichroism ͑LD͒ and MCD measurements on 9-methyladenine embedded in a stretched poly͑vinyl alcohol͒ film 32 as well as polarized spectra of single crystals of 9-methyladenine, 6-͑methylamino͒purine, and 2Ј-deoxyadenosine 33, 34 may give a clue concerning the order of → * states. At least in these environments, the first → * transition is considerably weaker than the second one, in line with our computed oscillator strengths. In Table IX , the transition moment directions concluded from these experiments are compared with our and other theoretical values. Please, note that in all quantum chemical calculations the orientation of the transition dipole vector can only be determined up to a phase of ͑or 180°͒ due to the arbitrary phase of the initial and final wave functions. Also the transition dipole directions inferred from experimental data suffer from ambiguities as only the square of the direction cosine can directly be determined. Furthermore, the data appear to be quite sensitive to the molecular environment. Taking these uncertainties into account and assuming that the methyl or deoxyribose group in 9 position has only a minor influence on the electronic transition, the dipole directions of the two lowest → * transitions obtained from the above mentioned experiments are consistent with our DFT/MRCI data. The calculated angle of +80°for the first → * transitionmeasured counterclockwise from the C 4 -C 5 axis-falls nicely into the experimental range between +66°and +83°. For the second → * transition, we determine a somewhat larger angle ͑+45°͒ than the experiments on 9-methyladenine and 6-͑methylamino͒purine, with values ranging from +19°to +35°. On the basis of their MCD data Holmén et al. assigned a very weak feature at 5.38 eV as a → * transition which they labeled III. We do not find this transition in our theoretical spectrum. There is no indication for its presence in the spectrum of crystalline 9-methyladenine, 33 too. Therefore, we omitted this transition in Table IX . For our third → * transition ͑⌬E = 6.13 eV for the TZVP+ Ryd basis, and ⌬E = 6.11 eV for the TZVPP + Ryd basis͒, the direction angle of −61°appears to be more consistent with the second possibility of interpreting the experimental findings for transition IV by Holmén et al., 32 thus favoring −57°over −21°. Finally, the direction of our strongest → * transition matches nicely the direction of band V in the work of Holmén et al. 32 whereas the direction angle of +15°obtained from the polarization of crystal spectra by Clark 33, 34 is incompatible with our theoretical values. However, the density of states is high in this spectral region and the order of states might be sensitive to the crystal surrounding.
Adiabatic transitions
Our theoretical adiabatic excitation energies of the 1 ͓n → L * ͔ state ͑4.54 eV͒ and the mixed 1 ͓ H → L * ͔ / 1 ͓n → L * ͔ electronic structure ͑4.47 eV͒ lie in the same ballpark as the sharp bands observed in high-resolution R2PI measurements 6, 35, 36 and fluorescence excitation spectra. 36 In the R2PI spectra, the band at 36 105 cm −1 ͑4.48 eV͒ is assigned as the origin of the 1 ͓ → * ͔ transition, whereas the weak UV band at 35 497 cm −1 ͑4.40 eV͒ in the R2PI spectra and the peak at 36 066 cm −1 ͑4.47 eV͒ in the fluorescence excitation spectrum have been tentatively assigned to vibronic n → * transitions. Although the error limits of the quantum chemical treatment do not allow to unambiguously determine the order of the 1 ͓n → * ͔ and 1 ͓ → * ͔ states, its is clear that ͑1͒ their minima lie very close in energy, ͑2͒ their geometrical structures are not planar, and ͑3͒ their electronic structures are mixed. These facts explain the strong vibronic interaction of the two states and the irregular line pattern of the high-resolution spectra.
Great care has to be exercised when comparing the computed S 1 and T 1 emission energies of 9H-adenine with experimental fluorescence and phosphorescence bands in solution. Although being a minor component, 7H-adenine has been made responsible 37 for most of the observed fluorescence and phosphorescence attributed earlier to the 9H-tautomer. 3 Eastman 38 was able to show that the fluorescence of 7-methyladenine exceeds the one of 9-methyladenine by about a factor of 200. It is therefore advisable to employ only data of 9-substituted adenines for a comparison with the theoretical emission spectrum of 9H-adenine.
Adenosine exhibits a broad, structureless fluorescence band with a maximum at 315 nm ͑3.95 eV͒ and an onset overlapping with the phosphorescence band. 3 We compare the maximum of this band with our vertical emission energy at the n → * minimum ͑3.85 eV͒ although the oscillator strength of this electronic transition is an order of magnitude lower than for the vertical transition at the
.98 eV͒. However, due to the strong deformation of the six-membered ring and the concomitant increase of the electronic ground state energy by 1.48 eV, the FC factors of the latter transition are expected to be very low.
In contrast to the fluorescence band, the phosphorescence band of adenosine is well resolved and shows vibrational structure. Our computed adiabatic ͑3.26 eV͒ and vertical ͑2.44 eV͒ T 1 emission energies agree very well with the energy range of this band with peaks at 3.26, 3.09, 2.92, and 2.76 eV. This good agreement lends confidence to the results of the present quantum chemical investigation.
Hydrogen loss
Hünig et al. 5 and Zierhut et al. 25 observed the formation of hydrogen atoms after photoexcitation of 9H-adenine and 9-methyladenine. In the experiment by Hünig et al. where the hydrogen atoms are ionized via a three-photon REMPI process, the dye laser operates at shorter wavelength ͑243.1 nm corresponding to an excitation energy of 5.1 eV͒ than required for the excitation of the origin band. From the difference between the photon energy and the maximum kinetic energy release they deduced an N-H dissociation energy of 4.46± 0.21 eV for 9H-adenine. A considerably lower dissociation energy for adenine ͑4.07± 0.21 eV͒ was obtained by Zierhut et al. who used 239.5 nm/ 121.6 nm and 266 nm/ 121.6 nm pump/probe wavelengths, respectively. On the basis of our calculations, it is difficult to judge which of these values is the correct one. Our finding that the energies of the triplet and singlet → * states are equal at an NH bond distance of 200 pm and amount to Ϸ4.5 eV for both the N 10 -H 11 and the N 9 -H 14 coordinates is in favor of the experimental value of 4.46± 0.21 eV determined by Hünig et al.
The fact that photolysis is experimentally observed for excitation energies as low as 4.66 eV ͑266 nm͒ whereas the saddle points of the singlet → * states along the respective dissociative coordinates lie at energies between 5.4 and 5.5 eV allows for several interpretations. Either, the computed → * excitation energies are too high. Although the confidence range of the DFT/MRCI method lies at Ϸ0.2-0.3 eV, this is not believed to be the cause of the discrepancy. It appears more reasonable to assume that the hydrogen atoms tunnel through the barriers toward dissociation. The latter explanation could easily be checked on the basis of isotope experiments. If the dissociation occurs on a barrier-less path, 9H-adenine and its fully deuterated isotopomer should be photolyzed at approximately equal rates whereas a predissociation by tunneling is expected to show marked isotope effects. An alternative mechanism is a predissociation of the primarily excited singlet → * state via intersystem crossing with a triplet → * state. Although the latter possibility cannot be ruled out entirely, its probability is believed to be small. Further calculations including spinorbit coupling will be required for a more quantitative estimate of ISC rates.
IV. SUMMARY AND CONCLUSIONS
In this work, we have located the minimum of the 1 ͓n → L * ͔ electronic structure at an energy of 4.54 eV ͑36 619 cm −1 ͒ for a nuclear arrangement in which the amino group is pyramidal whereas the ring system remains approximately planar. Close by, another minimum on the S 1 potential energy hypersurface has been detected in which the sixmembered ring of 9H-adenine is puckered. At this nuclear arrangement, the electronic structure of S 1 is considerably mixed with 1 ͓ H → L * ͔ and 1 ͓n → L * ͔ contributing nearly equally. The adiabatic excitation energy of this minimum amounts to 4.47 eV ͑36 040 cm −1 ͒. A smooth energy path connects the Franck-Condon region with a conical intersection between the out-of-plane distorted singlet → * state and the electronic ground state. The saddle point separating these areas of the S 1 potential energy hypersurface is located Ϸ0.1 eV above the singlet n → * minimum. Furthermore, two different hydrogen dissociation pathways have been examined.
On the basis of the quantum chemical results obtained in the present work and evidence form various high-resolution experiments 2, [5] [6] [7] [8] [9] [10] 25, 35, 36 we propose the following model for the response of isolated 9H-adenine molecules after photoexcitation in various wavelength regions.
Close to the band origin of S 1 . The molecule is prepared in low vibrational levels of the S 1 potential wells in the Franck-Condon region. These levels have lifetimes of several picoseconds. Due to strong vibronic coupling between the out-of-plane distorted singlet n → * and → * states, the spectral pattern is irregular.
Approximately between 0.1 eV and 0.4 eV above the S 1 origin. Vibronic levels of 9H-adenine close to and above the saddle point connecting the Franck-Condon region and the conical intersection between the → * state and the electronic ground state decay primarily through this conical intersection. It acts like a funnel transferring molecules in the S 1 state to the lower PEH on a subpicosecond timescale. At approximately the same energy, further ultrafast decay channels to the electronic ground state open. These channels are associated with the abstraction of a hydrogen atom, either from the N 9 position or the amino group. The dissociation of the NH bond involves a tunneling process.
Higher energies. In the vertical absorption region, the lowest excited singlet state corresponds to a mixed H → L+1 * − H−1 → L * state. Its PEH intersects with both the singlet H → L * and n → L * PEHs which exhibit lower en-ergetic minima. The existence of these intersections offers an explanation for the femtosecond lifetime of the so-called S 2 state. Above 5.2 eV, a hydrogen dissociation can proceed directly through a conical intersection with a → * state. In contrast to the relaxation pathway suggested by Kang et al., 7, 8 the model presented in this work is consistent with the observation of subpicosecond lifetimes for higher vibronic levels of isolated adenine. 9 A decay on these time scales can hardly be explained by normal internal conversion between electronic states with an energy gap of roughly 4.5 eV. The energetic accessibility of the conical intersection between the singlet → * state and the electronic ground state at 0.1 eV above the origin explains why in R2PI and fluorescence excitation spectra 36 sharp vibronic peaks can only be observed in a rather narrow wavelength range ͑up to 1100 cm −1 from the origin͒ while a slow-rising broad absorption continuum starts to appear under the sharp vibronic features at around 800 cm −1 . Whether the longer-lived levels corresponding to sharp peaks in the R2PI spectra decay via normal internal conversion to the electronic ground state or via the conical intersection after tunneling through the shallow, but wide barrier cannot be decided on the basis of the present knowledge. Great care has to be exercised in the interpretation of time-resolved experiments because the intensities of the optically bright → * electronic transitions vary drastically with the nuclear geometry.
9-methyladenine absorbs in the same spectral region as 9H-adenine and their sharp spectra break off similarly. 36 Although we did not carry out calculations for adenosine and 9-methyladenine, it can be assumed that the above described fast relaxation mechanism works equally well for these derivatives because it involves primarily geometry changes in the six-membered ring whereas the nuclear arrangement of the five-membered ring ͑including the N 9 center͒ is largely preserved.
The current model can easily be extended to include solvent effects. 9H-adenine, 9-methyladenine, as well as adenosine decay on a subpicosecond time scale in aqueous solution. [39] [40] [41] [42] [43] The → * state experiences a redshift in polar solvents and its conical intersection with the electronic ground state will take place even earlier on the reaction coordinate, thus explaining the ultrashort lifetimes. In contrast, the singlet n → * state is blueshifted by a polar protic solvent and may not be accessible energetically by relaxation processes. Its involvement in the ultrafast depletion of photoexcited adenine in aqueous solution is therefore highly improbable.
A hydrogen loss is possible both from the N 9 position and the amino group, in agreement with the model of Sobolewski and Domcke 4 and with experimental findings. 5, 25 The bond dissociation energies deduced from the experiments ͑4.46± 0.21 eV͒ are in good agreement with the theoretical results obtained in the present work ͑4.5-4.7 eV͒. However, according to our calculations higher S 1 excess energies ͑0.9-1.0 eV͒ are required to surmount the energy barriers toward dissociation on the singlet → * PEHs. The differences can be resolved if one assumes that the N-H bonds are predissociated by tunneling. This tunneling hypothesis could easily be checked on the basis of isotope experiments. On a direct dissociation path, 9H-adenine and its fully deuterated isotopomer should be photolyzed at approximately equal rates whereas a predissociation by tunneling is expected to show marked isotope effects.
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